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ABSTRACT
Dust plays an important role in the evolution of a galaxy, since it is one of the main
ingredients for efficient star formation. Dust grains are also a sink/source of metals
when they are created/destroyed, and, therefore, a self-consistent treatment is key
in order to correctly model chemical evolution. In this work, we discuss the imple-
mentation of dust physics into our current multiphase model, which also follows the
evolution of atomic, ionised and molecular gas. Our goal is to model the conversion
rates among the different phases of the interstellar medium, including the creation,
growth and destruction of dust, based on physical principles rather than phenomeno-
logical recipes inasmuch as possible. We first present the updated set of differential
equations and then discuss the results. We calibrate our model against observations of
the Milky Way Galaxy and compare its predictions with extant data. Our results are
broadly consistent with the observed data for intermediate and high metallicities, but
the models tend to produce more dust than observed in the low metallicity regime.
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1 INTRODUCTION
Until the mid-20th century, cosmic dust was, for most as-
tronomers, a foreground that complicated the observation
of distant objects. When the first observations in the in-
frared became available, the chemical composition and dis-
tribution of dust in the interstellar medium (ISM) could be
measured, and theories about its role in the evolution of
galaxies emerged. Nowadays, it is widely known that inter-
stellar dust is made up of very small solid particles (grains
of <∼ 1 µm in size) of carbon, silicates and ices from other
chemical species. It is also estimated that the entire mass
constituting the ISM represents ∼ 10% of the total baryonic
mass of a galaxy, of which ∼ 99% corresponds to gas, with
only ∼1% attributed to dust.
The so-called ”dust cycle” consists essentially on the fol-
lowing processes (see Zhukovska, Gail & Trieloff 2008, here-
after Z08), c.f. (Asano et al. 2013; Gioannini et al. 2016):
(i) Ejection from stars and injection into the ISM.
(ii) Evolution: production in the ISM, growth and de-
struction.
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(iii) Star formation: molecular cloud formation and
shielding.
Most theoretical models of dust formation are based
on the condensation of metallic elements from their gaseous
phase in a solid state through nucleation processes (Feder
et al. 1966; Todini & Ferrara 2001; Nanni et al. 2014). For
the condensation to happen, the partial pressure in the gas
has to be greater than the vapour pressure in the condensed
phase (Valiante et al. 2009). The size of the grains basically
depends upon three parameters related to the thermody-
namic conditions: the gas temperature (Tg), the gas pres-
sure (Pg) and the condensation temperature of the involved
chemical species (Tc).
Nucleation occurs in a range of Pg between 10
−8 and
105 Pa, with Tg ≤ 1800 K, and these restrictive conditions
limit the possible sources of dust grains observed in the
ISM. There is a consensus that the major sources of dust
in the Universe are stars of low and intermediate mass
(∼ 0.8 M ≤ m ≤ 8 M) having evolved through the
asymptotic giant branch i.e., AGB stars (Z08, Ventura et
al. 2012a,b; Di Criscienzo et al. 2013; Nanni et al. 2013;
Dell’Agli et al. 2015, 2017; Ginolfi et al. 2017), as well as
massive stars (m > 8 M) when they die as core-collapse
type II SNe (CC-SNe; Todini & Ferrara 2001; Schneider
2004; Nozawa et al. 2007; Bianchi & Schneider 2007; Cher-
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chneff & Dwek 2009, 2010; Marassi et al. 2014, 2015; Sarangi
& Cherchneff 2015; Bocchio et al. 2016; Ginolfi et al. 2017).
It has been argued (see e.g. Morgan & Edmunds 2003;
Valiante et al. 2009; Gioannini et al. 2016) that other sources
are necessary in order to reproduce the amounts of dust
observed in the Universe, and many candidates have been
proposed, such as SNe type Ia (Nozawa et al. 2011), red
giant branch (RGB) stars (Origlia et al. 2010), luminous blue
variable (LBV) stars (Z08), Wolf-Rayet (WR) stars (Zhekov
et al. 2014; Cherchneff 2015) or even Population III stars
passing through their red supergiant (RSG) phase (Marassi
et al. 2015).
After nucleation, dust undergoes different evolutionary
processes in the ISM. Some of these processes change the
dust mass, such as growth by accretion (e.g. Inoue 2011;
Zhukovska 2014; Zhukovska et al. 2016; Zhukovska, Hen-
ning & Dobbs 2018) or its destruction by thermal or chem-
ical sputtering, while others modify its properties (e.g. the
shattering or fragmentation by grain collisions, which can
affect the size distribution). Eventually, dust grains are in-
corporated into the next generations of stars (astration) or
destroyed by either thermal pulverisation produced by the
reverse shock in SN explosions (e.g. Bianchi & Schneider
2007; Nozawa et al. 2011) or the radiation field surrounding
very luminous objects (e.g. Hoang et al. 2018).
Despite the insignificance in the mass budget of a
galaxy, the importance of the dust component can hardly
be overstated. Besides its impact on the observed spectral
energy distribution (through the absorption, emission and
scattering of photons at different wavelengths), the presence
of dust grains plays a central role in the chemical evolution
of any galactic region, as well as of the galaxy as a whole,
since dust regulates the creation of molecules in the ISM
and the shielding of molecular clouds from ultraviolet (UV)
photons.
Over the years, several theoretical models have ap-
peared that account for the abundance of one or more dust
species simultaneously with the chemical elements in the gas
phase of the ISM (e.g. Dwek 1998; Calura, Pipino & Mat-
teucci 2008; Inoue 2011; Asano et al. 2013; Zhukovska 2014;
Gioannini et al. 2016; Zhukovska et al. 2016; Zhukovska,
Henning & Dobbs 2018).
Building upon these studies, the main aim of the present
work is to discuss the implementation of dust physics into
a multiphase chemical evolution model. This represents a
significant improvement with respect to previous works; in
some of the latter (e.g. Molla´ et al. 2015, 2016, 2017), the
availability of molecular gas is one of the main ingredients
of the star formation process, but the dust phase is not in-
cluded. In others, the dust is taken into account, but only
crudely modelled, with the assumption that the dust mass
scales approximately linearly with the metal content, accord-
ing to some proportionality constant that was fitted as a phe-
nomenological parameter. Here, we will describe and test a
physically motivated formalism that provides a much more
realistic (and significantly more constrained) parametriza-
tion, and opens the possibility of testing the model results
against dust-related observational data, increasing the pre-
dictive power of the models and helping to break the degen-
eracies intrinsic to chemical evolution studies.
Our new model is fully described in Section 2, where we
explain in detail the equations that determine the transfer
Table 1. Glossary of symbols associated with each ISM phase
Symbol Component
Σtotal Total mass surface density, Σtotal = Σ∗ + ΣISM
Σ∗ Stars and stellar remnants
ΣISM Interstellar medium, ΣISM = Σgas + Σdust
Σgas Gas, Σgas = Σi + Σa + Σm = ΣX + ΣY + ΣZ
Σi Warm ionised medium
Σa Diffuse atomic gas
Σm Molecular clouds
ΣX Hydrogen
ΣY Helium
ΣZ Metals in the gas phase
Σd Dust
of mass between the different phases and the precise mean-
ing of the small number of free parameters that appear only
in the dust physical or phenomenological prescriptions. Af-
ter deriving our system of coupled differential equations, we
can obtain the time evolution of the gas (including diffuse,
ionised and molecular phases), stars, metals and dust den-
sities in a given galaxy. Including a careful treatment of the
dust life cycle based on first principles is particularly impor-
tant in relation to the phase balance and the star formation
processes, since the main channel for the creation of hydro-
gen molecules is the condensation onto the surface of dust
grains.
The first results of the model are presented in Section 3,
where we discuss the time evolution of a fiducial configura-
tion that is representative of a Milky Way Galaxy (MWG)
or solar neighbourhood-type model. After verifying that we
are able to successfully reproduce the local environment, we
study the effect of varying the dust-related parameters (de-
struction timescale, cloud density, and sticking coefficient)
and of changing the main inputs of the model (the total mass
surface density and the infall timescale), which define a given
size of galaxy, in order to disentangle their contribution to
the evolution and the final outcome of the model. Finally, we
compare the results of a model grid covering a broad range
of parameter values with a set of observational data of dust
abundances in external galaxies available in the literature.
Our man conclusions are summarised in Section 4.
2 MODEL DESCRIPTION
The main aim of chemical evolution models is to describe
the temporal evolution of different chemical species within
a galaxy,in order to confront the predicted behaviour with
that observed. In our model, we consider that galaxies have
a multiphase structure that includes neutral, ionised and
molecular gas phases in the ISM, and we follow the abun-
dance of hydrogen, helium, metals and dust. The equations
that determine the evolution of each component will be dis-
cussed in subsections 2.1, 2.2 and 2.3. In order to compare
our theoretical predictions with observations, the mass con-
tent of all phases is expressed in terms of surface density.
A summary of the phase-dependent notation adopted
herein is provided in Table 1. The total mass of each galaxy
is defined as the sum of the stellar and ISM mass. This ISM,
MNRAS 000, 1–16 (2019)
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in turn, is composed of warm ionised gas, diffuse atomic gas,
and molecular clouds. Within the gas, metals appears as a
consequence of the evolution and death of stars. Thus, its
composition is X+Y+Z, where, as usual, X is the mass abun-
dance of H, Y is the mass abundance of He and Z is the mass
abundance of all the remaining elements. In our scenario, we
start with a disk of zero total mass, Σtotal(t = 0) = 0, and
consider infall of gas from outside with primordial abun-
dances (Coc et al. 2012) that replenishes the disk galaxy. At
the end of our runs (13.2 Gyr as in Molla´ et al. 2015), a disk
remains with characteristics consistent with those observed
in nearby spirals.
2.1 Gas
Since the ISM in a galaxy is not homogeneous, it is indis-
pensable to model it as a multiphase structure. For that
purpose, we have considered: a) an ionised phase with a
temperature of ∼ 104 K, b) an atomic component whose
temperature is ∼ 100 K, and c) a molecular phase with a
temperature of ∼ 10 K. These phases interchange mass with
each other during the evolution of the region under study.
The processes involved are: the photoionisation of atoms,
the recombination of electrons with ions, the conversion of
atomic hydrogen into molecular hydrogen and the destruc-
tion of the latter due to the photodissociation caused by
UV light from the young stellar population. In addition, the
studied region/galaxy can accrete mass from the outer re-
gions and/or from the Intergalactic Medium (IGM) via in-
fall. We define each one of these phases, and the processes
they suffer from, in the following subsections.
2.1.1 Infall
Since we are not considering a closed-box model for our
galaxy, it is necessary to take into account the interaction
with its environment. This interaction can make the region
either gain mass, via infall, or lose mass due to galactic
outflows. As shown in Gavila´n et al. (2013), the observed
properties of many galaxies can be reproduced by chemi-
cal evolution models without an outflow component, and
therefore we have only included infall in the present tests in
order to minimise the number of free parameters. With this
model, we will assess whether the basic relations involving
the dust abundance ratios, as observed in the local Universe,
may be qualitatively reproduced and understood in terms of
the underlying physical processes. More complicated mod-
els aimed to provide a detailed match to particular objects
and/or other galaxy types will be explored in our future
work.
Here we have considered, for the sake of simplicity, that
the infall rate from the IGM can be approximately described
by an exponential law:
I(t) =
Σtotal
τ (1− e−T0τ )
e
−t
τ , (1)
which depends on two parameters, the infall timescale, τ ,
controlling the infall rate, and Σtotal, the final total surface
density of the region under study at t = T0. These quanti-
ties, Σtot and τ , which fully define the infall rate, are model
inputs meaning that they must be changed to represent dif-
ferent galaxies or regions
Figure 1. Temporal evolution of the infall rate for three different
combinations of final total surface density, Σtot, and collapse time
scale, τ , with red solid lines, as labelled in each panel, compared
with similar infall rates as obtained in (Molla´ et al. 2016) for
galaxies with different virial masses –dashed black lines.
According to Eq. (1), if τ  T0, the majority of the
gas will have already infallen on a rapid timescale. On the
other hand, if τ >∼T0, the gas will fall at an approximately
constant rate. The above expression captures the main fea-
tures of more realistic infall rates obtained in other models
and cosmological simulations.
We show in Fig. 1, three different combinations of Σtotal
and τ , as labelled in each panel, compared with the infall
rates used in Molla´ et al. (2016) for galaxies of different virial
masses/sizes. We assume that this gas falling into the galaxy
is ionised, since it comes directly from the IGM and/or from
a hot galactic halo, where the temperature is well above
104 K. Furthermore, the gas has primordial abundances,
i.e., X0 = 0.76 and Y0 = 0.24, Z = 0 (Coc et al. 2012).
This assumption of primordial abundances may not be en-
tirely correct for fountain material mixed with coronal ma-
terial infalling back onto the disk as explored in Gibson, et
al. (2002); however, it is probably sufficient as a first order
hypothesis.
2.1.2 Recombination
The gas in the ionised phase will capture free electrons and
become neutral on a characteristic recombination timescale:
τrec(t) =
1
ne(t) 〈σv〉B , (2)
where ni(t) denotes the electron number density at time
t, and 〈σv〉B = 2.59 × 10−13 cm3 s−1 corresponds to the
thermally-averaged Case-B recombination cross-section (i.e.
without considering transitions to the ground state) appro-
MNRAS 000, 1–16 (2019)
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priate for a temperature of the ionised phase of 104 K (Os-
terbrock & Ferland 2006).
2.1.3 Molecular hydrogen formation
The conversion of atomic into molecular hydrogen is another
relevant physical process given the importance of the molec-
ular phase in the star formation process (see Section 2.2.1).
There are several channels for the creation of H2 molecules
in the diffuse ISM, such as:
H− + H → H2 + e− (3)
H+ + H → H+2 + γ (4)
Due to the low abundance of negative ions in the ISM,
these reactions have very slow rates. Other channels, such
as the three-body reactions that take place in the Earth’s
atmosphere, are strongly suppressed at astrophysical den-
sities, and the most efficient processes for the formation of
H2 involve the interaction of H atoms on the surface of dust
grains, which are regulated by the timescale:
τcloud =
1
2ngrains RH2
, (5)
where ngrains is the volume density of dust grains in the ISM,
and RH2 is the thermally-averaged cross-section for the for-
mation of molecular hydrogen (see e.g. Tielens & Hollenbach
1985; Draine & Bertoldi 1996; Cazaux & Spaans 2004).
According to Glover & Jaspen (2007), H2 formation in
grains becomes dominant as soon as Z > Zlim ∼ 10−5. This
value is so low that a detailed treatment of other channels
would have a minimal impact on the results, but it would
be necessary to include them in the model in order to start
the process, since the initial abundance of metals and dust
grains is zero, and stars only form from molecular clouds.
We circumvent this problem, (as in Molla´ et al. 2017), by
adding the minimum metallicity Zlim to the value Z of the
ISM when estimating the timescale for cloud formation. This
way:
ngrains RH2 ≈
Z + Zlim
Z
nISM RH2 (6)
where nISM denotes the gas density, Z = 0.014 is the
solar metallicity (Asplund et al. 2009), and RH2 =
6. 10−17 cm3 s−1 is the rate of molecular hydrogen forma-
tion given by Draine & Bertoldi (1996) for T = 100 K. This
is an approximation that could be eliminated in future work
by explicitly model the mechanisms responsible for the for-
mation of molecular clouds in the low-metallicity regime.
2.1.4 Photoionisation and Photodissociation
In order to estimate the photoionisation rate of H atoms at
each time step t, we compute the number of ionising pho-
tons produced in the galaxy per unit time by summing the
contribution:
QH(Z
′, t′) =
∫ 912 A˚
0
λ
Lλ(Z
′, t′)
h c
dλ (7)
of different Single Stellar Populations (SSPs) of age t′ and
metallicity Z′ = Z(t − t′), where Lλ(Z′, t′) is the specific
luminosity per unit wavelength λ per unit mass of the SSP,
h is the Planck constant, and c is the speed of light. The
total rate of ionising photons at time t is:
Rion(t) =
∫ t
0
QH(t
′, Z′) Ψ(t− t′) dt′ (8)
may be obtained by integration over the star formation his-
tory Ψ(t− t′) and chemical evolution Z(t− t′) of the galaxy.
Since most of the ionising radiation of a SSP comes
from young blue stars that die in the first 10 − 100 Myr, it
is possible to approximate Ψ(t − t′) ∼ Ψ(t) and obtain a
constant photoionisation efficiency per unit Star Formation
Rate (SFR):
ηion ≡ Rion(t)
Ψ(t)
'
∫ t
0
QH(t
′, Z′) dt′ ≡ ηion Ψ(t) (9)
Taking the values of QH(Z
′, t′) tabulated for the POPSTAR
code (Molla´, Garc´ıa-Vargas & Bressan 2009) for SSPs with
ages between 0.1 Myr and 15 Gyr, we obtain ηion = 955.29
for a Kroupa (2001) IMF.
In order to obtain the efficiency of photodissociation
of H2 into HI, we perform a similar computation for the
radiation emitted by each SSP in the Lyman-Werner band:
QLW(Z
′, t′) =
∫ 1107 A˚
912 A˚
λ
Lλ(Z
′, t′)
h c
dλ. (10)
However, Draine & Bertoldi (1996) showed that dust grains
may absorb up to ∼ 60% of the photons capable of dis-
sociating hydrogen molecules, and a large fraction of the
remaining photons actually excite different rotational and
vibrational states, reducing their dissociation probability to
∼ 15%. Therefore, the net photodissociation efficiency per
unit SFR should be of the order:
ηdiss ≡ Rdiss(t)
Ψ(t)
∼ 0.4× 0.15
∫ t
0
QLW(t
′) dt′ = 380.93. (11)
From the aforementioned considerations, we see that
the conversion of phases can be defined without the need for
any free parameters.
2.2 Stars
2.2.1 Star formation
The birthrate, i.e., the amount of stars of each mass that
have been created per unit time and per unit area, is usually
decomposed (Pagel 2009) as:
B(t,m) = Ψ(t)φ(m), (12)
where Ψ(t) is the SFR, defined as the mass in newly-born
stars created per unit time, and φ(m) is the initial mass
function (IMF).
Despite its crucial importance in galactic evolution,
there is not a precise theoretical model that takes into ac-
count all the effects associated with star formation. Thus,
the use of empirical laws to define the SFR is the traditional
approach employed. Usually, these laws relate the SFR with
the local (two- or three-dimensional) density of the gas. One
of the most common prescriptions is the Kennicutt-Schmidt
law based on Schmidt (1959) and Kennicutt (1998). The
Kennicutt-Schmidt law is expressed by the well known for-
malism: Ψ(t) ∝ Σngas(t), where Σgas(t) is the surface den-
sity of gas and n is an exponent whose best-fitting value is
n = 1.4± 0.15.
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However, there have been studies suggesting that the
correlation between SFR and molecular gas surface density
is stronger than the one between SFR and total gas surface
density, (see e.g. Wong & Blitz 2002; Krumholz & Thomp-
son 2007; Robertson & Kravtsov 2008; Bigiel et al. 2008;
Krumholz, McKee & Tumlinson 2009; Bigiel et al. 2010; Bo-
latto et al. 2011; Schruba et al. 2011; Krumholz, Dekel &
McKee 2012; Leroy et al. 2013), which is reasonable since it
is clear that stars form within cold molecular clouds. There-
fore, given that our model considers the multiphase structure
of the galactic region/galaxy, we prefer to use a relationship
between the SFR and the molecular gas density, such as:
Ψ(t) = Σm(t)
τΨ
, where Σm is the mass surface density of the
molecular phase and τΨ is a characteristic timescale of star
formation.
There are uncertainties in the value of τΨ and its pos-
sible variability, depending on the medium where star for-
mation is happening. On the observational side, Bigiel et al.
(2008) studied 7 spiral and 11 late-type/dwarf galaxies and
found a mean value of < τΨ >= 2.0 Gyr, detecting differ-
ences between the centre and the outskirts. In fact, Bigiel
et al. (2010) observed later the outer part of the disks of
spiral galaxies and concluded that τΨ is even higher than
the Hubble time in these outer regions; (Bolatto et al. 2011)
estimated a slightly shorter < τΨ >= 1.6 Gyr, with signifi-
cant variations (ranging form 0.6 to 7.5 Gyr) throughout the
Small Magellanic Cloud. Finally, Leroy et al. (2013) have ob-
tained a value τΨ = 2.2 ± 0.3 Gyr from observations of 30
nearby disk galaxies. Consequently, there have been some
attempts to make empirical laws considering different deple-
tion times depending on the environment, such as Krumholz,
McKee & Tumlinson (2009), whose empirical law depends
on the surface density of the ISM where the star formation
occurs. We are going to use here the expression given by
these last authors:
Ψ(t) =
Σm
2.6 Gyr

(
ΣISM
85.0M pc−2
)−0.33
if ΣISM < 85 M pc−2,(
ΣISM
85.0M pc−2
)0.33
if ΣISM > 85 M pc−2
(13)
The IMF is the observational distribution of the num-
ber of stars according to their initial masses in every star
formation event. There are also some uncertainties in the
exact shape of the IMF, particularly in the low and high
mass regime due to the difficulties of observing stars with
extremely low masses and to the rapid death of massive
stars. In this work, we have assumed an IMF from Kroupa
(2001), with the following expression:
φ(m) =
{
ξ1m
−1.3 if 0.1 M < m < 0.5 M
ξ2m
−2.3 if m > 0.5 M,
(14)
where ξ1 = 0.4690 and ξ2 = 0.2345 are the normalisation
constants, for a minimum stellar mass of mlow = 0.1 M
and a maximum stellar mass of mup = 50 M, which give∫mup
mlow
mφ(m)dm = 1 . Our upper limit was chosen in or-
der to minimise the extrapolation of Woosley & Weaver
(1995) ejecta, which are provided up to 40 M, and it agrees
with the upper limit found or used by other authors (e.g.
Kobayashi & Nakasato 2011; Mishurov & Tkachenko 2018,
2019). 1
2.2.2 Mean stellar lifetimes
Instead of using the instantaneous recycling approximation,
we will take into account the lifetimes of the stars with the
empirical formulae provided by Raitieri, Villata & Navarro
(1996), calculated from different stellar tracks (Alongi et al.
1993; Bressan et al. 1993; Bertelli et al. 1994) over a stellar
mass range of [0.6 M - 120 M] and a metallicity range of
[0.0004 - 0.05]:
log τ∗(m,Z) = a0(Z) + a1(Z) log m + a2(Z) (log m)
2, (15)
where τ∗(m,Z) denotes the lifetime of a star of mass m and
metallicity Z, and the coefficients a0(Z), a1(Z) and a2(Z)
are given by the following expressions:
a0(Z) = 10.13 + 0.07547 log Z− 0.008084(log Z)2
a1(Z) = −4.424− 0.7939 log Z− 0.1187(log Z)2
a2(Z) = 1.262 + 0.3385 log Z + 0.05417(log Z)
2
2.2.3 Stellar ejecta
The chemical composition of the gas ejected by a star at its
death is different from the one of the molecular cloud from
which it formed, as the material has been enriched with the
elements that have been created in the interior of the star
via nucleosynthesis. For our chemical evolution model, we
are interested in the total (gas and dust) ejection rate Ej(t)
of each element j as a function of time t, which we divide in
three components:
Ej(t) = Ej,AGB(t) + Ej,SNcc(t) + Ej,SNIa(t), (16)
where Ej,AGB(t), Ej,SNcc(t) and Ej,SNIa(t) denote the contri-
butions of low- and intermediate-mass stars, high mass stars
and type Ia SNe, respectively.
Low and intermediate mass stars end their lives as plan-
etary nebulae after passing the Asymptotic Giant Branch
(AGB) phase, during which the star loses an important frac-
tion of its mass. These objects eject to the ISM mainly 12C,
13C, 14N and 19F. The ejection rate for each element is com-
puted as:
Ej,AGB(t) =
∫ 8 M
m∗,lim(t)
Ψ(t′)φ(m) ej,AGB(m,Z(t′)) dm, (17)
where mlim(t, Z) is the minimum mass of a star of metal-
licity Z to have died prior to the moment t. These stars are
born at a time t′ = t− τ∗(m,Z), according to equation (15)
above. Ψ(t′) is the SFR of the galaxy/region at that time,
and φ(m) is the assumed IMF. For the mass ej,AGB(m,Z(t
′))
returned by a low and intermediate mass star with mass m
and metallicity Z at the end of its life in form of element j,
we use the tables provided by Molla´ et al. (2015).
The final fate of high mass stars (m > 8M) is that of
an explosion as core-collapse supernova. These supernovae
are responsible for ejecting the so-called α-elements (i.e.,
12C, 16O, 20Ne, 24Mg, 28Si, 32S and 40Ca) created in the
1 Furthermore, for the adopted IMF, the contribution of stars
above this limit to the total ejecta budget is negligible. See section
2.2.3.
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interior of these massive stars during their evolution, as well
as unstable isotopes of Ti, Cr, Fe and Ni, created during the
explosion itself, whose decay provides a significant fraction
of the energy that is radiated away during the explosion.
At any given time, the rate of core-collapse supernova
explosions is given by:
RSNcc(t) =
∫ mup
8 M
Ψ(t′)φ(m) dm (18)
and the ejection rate of element j is simply
Ej,SNcc(t) =
∫ mup
8 M
Ψ(t′)φ(m) ej,SNcc(m,Z(t
′)) dm, (19)
where ej,SNcc(m,Z) is the total mass that a massive star
of mass m and metallicity Z returns as element j at the end
of its life taken from Woosley & Weaver (1995)2.
Finally, the third mechanism that ejects newly synthe-
sised metals to the ISM is the thermonuclear explosion of
type-Ia supernovae. Although some other chemical species
are produced, their main contribution is the synthesis of
iron-peak elements (Ti, V, Cr, Mn, Fe, Co and Ni), being
the principal mechanism for iron enrichment in galaxies.
In order to compute the ejecta of type-Ia supernovae,
we need their rate of occurrence:
RSNIa = kα
∫ min(t,τmax)
τmin
AB(t− τ) Ψ(t− τ) DTD(τ) dτ, (20)
where kα =
∫mup
mlow
φ(m) dm is the number of stars per unit
mass in a stellar generation, AB is the fraction of (binary)
systems that end up as a thermonuclear SN, and DTD is the
Delay Time Distribution that describes how many type Ia
SNe progenitors die after a at time τ . The lower limit of the
integral is the minimum delay time τmin, whereas the upper
limit is the minimum between the maximum delay time and
the current age t of the galaxy. We use a constant AB = 0.10
for the Kroupa IMF (Maoz & Hallakoun 2017) and the em-
pirical DTD from Maoz & Gaur (2017). The precise shape
of the DTD is a very active research topic, with some slight
differences of the empirical functions with respect to theo-
retical predictions (e.g. Greggio 2005). These latter properly
account for stellar lifetimes, binary fractions, and evolution,
while the first ones are easy to use, but not totally correct at
the shortest phases of the evolution (t < 80 Myr). However,
since we are not computed relative abundances of different
chemical species, as α/Fe, but only the whole metallicity Z,
it is unlikely that these differences would produce a signifi-
cant effect in the present context.
Once the supernova rate is determined, the ejection rate
of type Ia supernovae is:
Ej,SNIa(t) = RSNIa ej,Ia, (21)
where ej,Ia are the ejecta of element j in each SNIa, for which
we adopt the yields of the classical model W7 from Iwamoto
et al. (1999).
With these three definitions, the amount of mass per
unit time that stars inject into the ISM in the form of hy-
drogen and helium will be denoted by EX(t) and EY(t),
2 These tables have been extensively used in the literature, and
there is little difference in the oxygen yields up to mup = 50M
with respect to more recent prescriptions (Molla´ et al. 2015).
respectively. As will be discussed below, the total ejection
rate of metals:
EZtotal(t) =
∑
j
[Ej,AGB(t) + Ej,SNcc(t) + Ej,SNIa(t) ] (22)
will distinguish between the gaseous and dust phase,
EZtotal(t) = EZgas(t) + Edust(t).
2.3 Dust
Given the relevance of the dust in some key processes of
galactic evolution, it is important to model correctly its
life cycle. As noted previously, dust grains are mainly cre-
ated in the AGB phase of low and intermediate mass stars
(m < 8M) and at the final stage of the shock waves pro-
duced by core-collapse and thermonuclear SNe. Several au-
thors (e.g. Z08, Zhukovska et al. 2016; McKinnon, Torrey
& Vogelsberger 2016; Gioannini et al. 2016; Aoyama et al.
2017; Zhukovska, Henning & Dobbs 2018) have argued that
in order to reproduce the observed values of the dust to gas
ratio, it is necessary that dust grains accrete mass from the
ISM3. Finally, we also consider that the grains may be de-
stroyed by SN shock waves, thermal sputtering, radiative
torques and astration4.
2.3.1 Dust creation
The creation of dust grains inside the atmosphere of low-
or intermediate-mass stars is not significant until they reach
the AGB phase (Gail 2009). Afterwards, they are considered
to be the main stellar contributors to dust enrichment in the
ISM. At any given moment t, the total mass of dust ejected
per unit time is given by:
Ed,AGB(t) =
∫ 8 M
mlim(t)
φ(m) Ψ(t′) ed,AGB(m,ZISM(t
′)) dm, (23)
where ed,AGB(m,ZISM(t
′)) is the dust ejecta for a star of
mass m and metallicity ZISM. Yields are taken from Ventura
et al. (2012a,b); Di Criscienzo et al. (2013); Dell’Agli et al.
(2017).
Secondly, we have to consider the dust produced by the
massive stars which end up their lives as core collapse SNe.
In an equivalent equation:
Ed,SNcc(t) =
∫ mup
8 m
φ(m) Ψ(t′) ed,SNcc(m,Z(t
′)) dm, (24)
where ed,SNcc(m,Z(t)) is the mass of dust injected to
the ISM when a star of mass m and metallicity Z explodes
as a core collapse SNe. Even though the SN shock waves are
the main mechanism of dust destruction, there is evidence
of dust in the surroundings of supernova remnants (Indebe-
touw et al. 2014). It is extremely difficult to measure the
mass of the progenitor, making it all but impossible to ob-
tain an empirical value of these ejecta. Hence, we use the
3 In addition to the dust growth by accretion, dust grains suffer
a variety of effects in the ISM that change their size, such as
shattering, coagulation, etc. They are not considered here, since
we assume an unchanging Mathis, Rumpl & Nordsieck (1977)’s
grain size distribution.
4 Mass loss of certain chemical element or dust species due to its
incorporation to a star during a SF process
MNRAS 000, 1–16 (2019)
Galactic chemical evolution including dust 7
results obtained by Marassi et al. (2015) from simulations
of dust grains formation and their survival to the reverse
shock wave in SNe. We adopt the ejecta corresponding to
nISM = 1 cm
−3 as a representative value of the mean den-
sity of the ISM.
The last stellar contributors to dust formation in a
galaxy are the type Ia SNe:
Ed,SNIa(t) = RSNIa ed,SNIa, (25)
where ed,SNIa, is the ejecta of dust for each SN-Ia. In the
current work we use the data of Nozawa et al. (2011), having
simulated dust production using the carbon-deflagration W7
model. These authors argue that the reverse-shock that is
created in type Ia SNe destroys the majority of the created
dust mass. Thus, we assume that only a small amount of
dust (0.01 M, for a density of the environment near the
explosion of ne = 0.01 cm
−3) survives the reverse shock.
Broadly speaking, type Ia SNe are minority contributions
to dust production, but we account for them, regardledd, to
maintain consistency between the gas and dust ejecta.
Summing all contributions, the total ejected dust mass
per unit time is:
Edust(t) = Ed,AGB(t) + Ed,SNcc(t) + Ed,SNIa(t). (26)
We must now take into account that dust particles
are composed of solid metals. In order to model in a self-
consistent way the yields of the gas phase, EZgas(t) =
EZtotal(t)−Edust(t), we subtract the amount of the chemical
elements that are depleted in each dust grain species from
the total ejecta.
2.3.2 Dust growth
As noted in Section 1, evidence exists to suggest that dust
growth by accretion of gas inside giant molecular clouds
(GMCs) is necessary, to obtain the DTG values observed
in nearby galaxies.
From an observational perspective, according to Re´my-
Ruyer et al. (2014) and De Vis et al. (2017), the accre-
tion timescale inside molecular clouds should be very small,
τg ≈ 5 Myr, in order to explain the observed DTG in nearby
galaxies. The former argue that core collapse SNe are not
able to contribute much to the dust budget of the galaxy
and, therefore, a very small growth is needed to explain the
DTG-Z trend. However, given that the uncertainties in the
determination of molecular gas and dust are still large, it is
better to use prescriptions that only depend on the prop-
erties of the environment where the grains grow and not a
time scale obtained from GMC studies.
From a theoretical perspective, Hirashita & Kuo (2011)
have developed a model that takes into account the effects
of the environmental conditions where the dust grows, such
as metallicity and number density of the molecular clouds
and other physical properties of the grains, including stick-
ing coefficient, size and temperature, obtaining the following
timescale for the dust grains growth:
τg = 6×10−2
(
a
0.1µm
)(
Z
Z
)(
1000 cm−3
ncloud
)√
50
T
(
0.3
S
)
[Gyr],
(27)
where < a > is the mean radius of the MRN distribu-
tion, assumed to be < a >= 0.08µm, Z = 0.014 is the
solar metallicity, T is the temperature of the atomic phase,
taken as 100 K, ncloud is the number density of the molecular
clouds and S is the sticking coefficient, defined as the prob-
ability of an atom to stick when it collides with a dust grain.
These last two coefficients are not entirely known a priori
and, therefore, are deemed free parameters. Once computed,
the growth in dust mass in the ISM (Hirashita & Kuo 2011;
Hirashita & Aoyama 2019) due to accretion is:(
dΣd
dt
)
acc
=
(
1− Σd
ΣZ
)
Σd
τg
fm. (28)
2.3.3 Dust destruction
The other relevant processes involved in the life cycle of
the dust are the ones that destroy grains. These pro-
cesses are: sputtering, collision with cosmic rays, super-
nova shock waves, astration, radiative torque of a powerful
and anisotropic radiation field,. . . . In our model, we con-
sider together all dust grain destruction processes, includ-
ing thermal sputtering, supernova shock waves and radiative
torques. We consider separately the dust mass loss due to
astration, that is, the mass loss of a specific element in the
dust during the star formation process, which is, obviously,
proportional to the SFR:
(
dΣd
dt
)
ast
= − Σd
ΣISM
Ψ(t) (29)
The other destruction mechanisms are treated as a
whole, considering that there is a characteristic timescale
of dust grain destruction in the ISM. Again, since we do not
have sufficient information regarding these processes, we as-
sume this timescale as a free parameter, which, following
Jones et al. (1994); Slavin, Dwek & Jones (2015) varies in
the range τdest = 0.4 − 2.0 Gyr. Thus, the destruction rate
due to SN shock waves, thermal sputtering and radiative
torque is:
(
dΣd
dt
)
SNe,others
= − Σd
τdest
(30)
From the above, we see that we only need to invoke
three free parameters related with the dust growth and de-
struction: the sticking value , the density of GMC clouds,
ncloud, and the timescale for the destruction τdest.
2.4 Equation System
Considering all the processes that have been stated previ-
ously, the system of differential equations that govern the
evolution of all the phases is:
Σ˙a =
Σi
τrec
− ηionΨ(t)− Σa
τcloud
+ ηdissΨ(t) (31)
Σ˙i = − Σi
τrec
+ Egas(t) + ηionΨ(t) + I(t) (32)
Σ˙m =
Σa
τcloud
−Ψ(t)− ηdissΨ(t) (33)
Σ˙∗ = Ψ(t)− Egas(t)− Edust(t), (34)
where Egas(t) = EX(t)+EY(t)+EZgas(t) is the total ejected
gas in the moment t, i.e., the sum of the ejected gas of hy-
drogen, helium and metals.
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Figure 2. Scheme of the multiphase structure of the ISM of our
model and the processes of mass interchange among them.
This scenario of phases and processes is represented in
the scheme of Figure 2.
We assume that all the ISM phases have identical chem-
ical composition, and we track the time evolution of the mass
surface density of the hydrogen (X) and helium (Y), as well
as metallic elements in the gas phase (Z) and in form of solid
grains (dust):
Σ˙X = − ΣX
ΣISM
Ψ(t) + EX(t) + X0Ii(t)
Σ˙Y = − ΣY
ΣISM
Ψ(t) + EY(t) + Y0Ii(t)
Σ˙Z = − ΣZ
ΣISM
Ψ(t) + EZgas (t) +
Σd
τdest
−
(
1− Σd
ΣZ
)
Σd
τg
fm
Σ˙dust = −
Σdust
ΣISM
Ψ(t) + Edust(t)−
Σd
τdest
+
(
1− Σd
ΣZ
)
Σd
τg
fm,
where all terms and symbols have the meaning already given
in previous subsections and Table 1.
Due to the incompleteness and inconsistencies that arise
when we compare the tables from different dust sources, it
is not very precise to distinguish between the different dust
species. Thus, we have just combined the ejecta of all the
dust species from each source in order to minimise artifi-
cial errors. Furthermore, the extragalactic observations from
Vilchez et al. (2019), against which we will compare our
models, do not distinguish among different species. There-
fore, we are not discerning different dust species, considering
the evolution of all the metallic elements in dust grains at
once.
3 COMPUTED MODELS AND RESULTS
We have run 1350 models, varying the inputs defining dif-
ferent galaxy sizes by Σtotal, and τ , and the three free pa-
rameters related with the dust processes in the range shown
in Table 2. From this set of models, we first analyse the
time evolution of a reference model assumed to be a MWG-
type galaxy. Then, we study the evolution of the dust to gas
(DTG) and dust to stars (DTS) ratios with the metallicity,
for a subsample of models, in order to examine the role that
each free parameter plays in shaping the relationships for
Table 2. Range of dust and infall parameters of our computed
models.
Dust parameters range
S [0.3, 0.9]
τdest [0.8, 1.8] Gyr
ncloud [1000, 10000] cm
−3
Infall parameters range
τ [0.1, 20.0] Gyr
Σtotal [10.0,200.0]
M
pc2
Table 3. Summary of observational constraints to compare with
the MWG model
Data Value Ref.
Σtotal 55 ± 10 M pc−2 M15 & BO17
Σ∗ 38.5 ± 2.5 M pc−2 BO17
ΣSFR 5.3 ± 4.0 M pc−2Gyr−1 M15
µ 0.15 ± 0.08 M15
ΣRCC 0.0208 ± 0.0118 pc−2Gyr−1 T94
ΣRIa 0.0062 ± 0.0047 pc−2Gyr−1 T94
fm 0.4 ± 0.2 M15
DTG 0.0106 ± 0.007 F03
Z 0.014 ± 0.008 ASP09
Zgas 0.011± 0.007 EST19
References are: Tammann, Loeffler & Schroeder (1994)(T94);
Frisch & Slavin (2003)(F03); Asplund et al. (2009)(ASP09);
Molla´ et al. (2015)(M15), Bovy (2017)(BO17) and Esteban, et
al. (2019)(EST19).
this reference model. Finally, we will compare the results
obtained at the end of the evolution, for the entire set of
models, with the available sets of data for two large samples
of galaxies.
3.1 Time evolution of MWG-type galaxy model
We start by applying the model to a MWG-type galaxy, in
order to provide a baseline calibration. The characteristics
used as observational constraints are shown in Table 3. They
refer to the stellar density, Σ∗, (which would be similar for
the brighter galaxies, but it would be smaller for low bright-
ness galaxies), the metals abundance, Z, the fraction of gas,
µ = Σgas/Σtotal, the fraction of the molecular gas to the
total gas, fm =
Σm
Σgas
, the dust to gas ratio, DTG = Σd
Σgas
,
and the core collapse and type Ia supernova rates.
As noted in Section 2.1.1, the assumed infall rate val-
ues, Σtotal and τ , are related with the final size of the
galaxy and we need to select them now to reproduce the
MWG. We use τ = 2.5 Gyr and Σtotal = 55 M pc−2 for
this reference model, consistent with the total density speci-
fied in Table 3. Other different input parameters, Σtotal, and
τ will be useful to reproduce galaxies of different sizes and
types, and will be explored in §3.2. The MWG reference
model has been computed with the following free parame-
ters: ncloud = 2500 cm
−3, τdest = 1.3 Gyr and S = 0.7.
We analyse the time evolution of the key characteristics
of our reference MWG model,in Fig. 3. Panel a) represents
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Figure 3. Time evolution of the MWG-type galaxy model: a) Total mass density, Σtotal, and stellar mass density, Σ∗; b) SFR; c)
supernova rates; d) metallicity of the gas, Zgas, dust to gas ratio, Zdust = DTG, and total metal content of the ISM, Ztot = Zgas + Zdust;
e) Gas fraction, µ, and f) molecular fraction of the ISM, fm. The observational data are resumed in Table 3.
the total and stellar mass densities. This depends on the
assumed infall rate and final Σtotal.
The SFR, shown in panel b), has a maximum, which
appears at t ∼ 5 Gyr, decreasing smoothly afterwards until
the present time, where a value of ∼ 5M pc−2 Gyr−1 is
reached. This maximum appears later than expected relative
to the Milky Way’s solar neighbourhood, due to our delay
to form stars as the new models require dust and molecular
clouds to be created first, before stars can form. On other
hand, it is also necessary to remember that our model is for
the whole galaxy, thus it includes both the inner and outer
regions of the disk, and, as such, represents an averaged
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Figure 4. Effect of the free parameters on the relation between
DTG and Zgas: a) dust destruction timescale τdest; b) Sticking co-
efficient S; and c) number density of the molecular clouds ncloud.
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Figure 5. Same as Fig. 4, for the dust to stars fraction.
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behaviour, while data come from the solar vicinity or regions
located between 5-10 kpc.
In panel c) we have plotted the SNe rates, both core col-
lapse and type Ia. Core collapse supernovae have a maximum
at t ∼ 5 Gyr, after which it decreases until it reaches RCC ∼
2 · 10−2 pc−2Gyr−1. Type Ia SNe also reach the observed
values within the error bars, RIa ∼ 2 · 10−3 pc−2Gyr−1.
In panel d), we have plotted the time evolution of the
metal enrichment of the galaxy, keeping track of the metal-
licity of the gas as well as the metals depleted in dust grains.
The metallicity grows with time until it reaches a critical
value of Z ∼ 0.3Z. At this critical metallicity, the accretion
of dust begins to dominate the evolution in the ISM and the
metallicity of the gas decreases somewhat as the dust grains
accrete metals faster than they are ejected by stars. How-
ever, it can be observed that the total metallicity (including
metals in gas and dust phase) continues increase through-
out the evolution of the galaxy. Both phases display a simi-
lar evolution after ∼ 8 Gyr with an approximately constant
depletion factor of 0.3 − 0.4, as observed. Thus, the total
metallicity is about twice the one observed in the gas phase,
reaching a supersolar value of 0.035 (∼ 2.5Z).
Panel e) shows the fraction of gas, µ which must finish
with a value around a 15%; and in panel f), the molecular
gas fraction fm is shown to be negligible at the beginning of
the galactic evolution, until the production of molecular hy-
drogen without dust grains creates a critical amount, which
pushes on the evolution of the galaxy. The molecular frac-
tion reaches a maximum value of 0.7 at t ∼ 6 Gyr (a little
after the maximum seen in the SFR) and from that point it
decreases gradually, as the reservoir of molecular gas is being
consumed to create stars. At the end of the evolution, the
molecular fraction reaches fm ∼ 0.45, within the observed
range.
3.2 Variation of the dust parameters
In order to test dependence of the results on the different
free parameters of the model, we now vary the adopted val-
ues for the sticking coefficient (S), the destruction timescale
(τdest) and the mean number density of the molecular clouds
(ncloud). We will see how changes in each free parameter af-
fect the relations between the the dust to gas ratio (DTG)
and dust to stars ratio (DTS) with the gas-phase metallicity
(Zgas) in the MWG model. The parameter range covered in
the total set of models is given in Table 2. To see the effect
of each free parameter individually, we use a subsample of
this grid, adopting three values for each parameter.
3.2.1 DTG-Z relation
First, we illustrate the effect of modifying the destruction
timescale, τdest. As the destruction of the dust by astration
just depends on the SFR, it is similar in all the models with
the same Σtotal and τ (which regulate the SFR). Thus, the
destruction via SN shock waves, thermal sputtering and ra-
diative torques, modelled by the destruction timescale, is go-
ing to play a role on the equilibrium abundance of the dust.
As can be observed in panel a) of Fig. 4, if the destruction
timescale is higher/lower, the turning point of the DTG-Z
diagram shifts to lower/higher metallicities, but the effect is
very slight for the adopted parameter range, as we will see,
in comparison with the effect of the two other parameters,
sticking factor S or density ncloud.
The consequences of modifying the sticking coefficient S
are explored in panel b) of Fig. 4. As seen before, the DTG-Z
relationship has a very similar shape for almost all the com-
binations of free parameters: a first part with a quick growth
up to a inflection point, where the relation becomes a rela-
tively flat power law. The variation of the sticking coefficient
changes the position of the inflection point to higher/lower
metallicity as the sticking coefficient decreases/increases.
The inflection point is the critical metallicity where the ac-
cretion begins to overcome both dust destruction processes
and stellar ejecta. When the accretion becomes the domi-
nant process of dust mass gain, the DTG increases roughly
linearly with respect to Zgas.
Finally, the number density of molecular clouds (ncloud)
is critically involved in the accretion process and it plays an
important role in the equilibrium between dust creation and
destruction. Its effect in the DTG-Z relation is the most no-
ticeable of the three free parameters that we have analysed,
as can be observed in panel c) from Fig. 4. When we increase
ncloud, the metallicity of the turning point of the DTG-Z re-
lationship decreases, since accretion dominates the evolution
of the dust surface density at earlier times in the history of
galaxy. The change now is stronger than the previous ones.
3.2.2 DTS-Z relation
Another interesting track to follow is the relation between
the DTS and Zgas. As was the case for DTG-Z, the DTS-
Z relation can be divided in three different regimes: a) at
low metallicity, the DTS displays a strong growth up to the
metallicity where the DTS is maximum, Zmax DTS; b) at in-
termediate metallicity, the DTS decreases slowly with Z; c)
finally, at high metallicity, the DTS decreases abruptly (this
last phase is not always apparent in our models).
We have analysed the effect of the destruction timescale
in panel a) of Fig. 5. As happened in the DTG-Z relation-
ship, the effect of τdest is a second order effect, negligible
compared to the effect of other free parameters. In panel b)
of the same Fig. 5 we see how the change in the sticking
coefficient S affects to the DTS-Z diagram:if S increases, it
changes the value of Zmax DTS to lower values, but located at
higher metallicities. Again, as in the DTG case, this param-
eter produces important variations in the relations of the
dust with other phases when is modified. Finally, we show
the variations in the DTS-Z diagram when we modify ncloud
in panel c) of Fig. 5. The increase of ncloud enhances the
accretion rates of dust, decreasing the value of Zmax DTS.
These latter curves are very much different from those
seen in the previous panels; specifically, this particular pa-
rameter is very important in shaping the evolution of the
region, although if ncloud ≥ 5000 cm−3, the final DTS will
be very similar in all cases.
3.3 Variation of the infall parameters
In order to compare our models with observations of dif-
ferent galaxies, we must used other plausible surface densi-
ties and infall timescales. We illustrate the effect of varying
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Figure 6. Effect of the different infall rates on (top panels) the relation DTG gas-phase metallicity Zgas: a) infall timescale τ ; b) final
total surface density Σtotal; and (bottom panels) on the relation DTS gas-phase metallicity: c) infall timescale τ ; and d) final total surface
density Σtotal.
the infall timescale τ in the left panels a) and c) of Fig. 6.
As this parameter regulates the rate at which gas falls into
the galaxy, it affects the time evolution of the dust, met-
als, gas and stars. Increasing/decreasing the infall param-
eter delays/enhances the evolution of the galaxy, reaching
lower/higher values of the metallicity, DTG and DTS at any
given time. However, both DTG-Z and DTS-Z relations re-
main unchanged, because the infall variations affects equally
to the three variables (DTG, DTS and Z) involved in these
figures. So, the only thing that changes τ is the speed at
which the galaxy evolves, without changing the shape of the
diagram, delaying the whole evolution of the galaxy when it
is lengthy and enhancing it when it is shorter.
The effect of the final total surface density is seen in
panels b) and d), with a clear difference between the model
with Σtotal = 50 M pc−2 and the other two models. This
result hints the existence of a saturation effect in Σtotal,
having similar results for DTG-Z and DTS-Z above a surface
density limit of ∼ Σtotal = 100M. The latter implies that
the transition from ejecta-dominated to accretion dominated
regimes occurs at lower metallicities in high surface density
regions than in low surface density ones.
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Figure 7. Comparison of results of our set of models with the
galactic surveys from RR14 and DV17.
3.4 Comparison with observations for spiral
galaxies
We compare the obtained results with the most relevant
studies of the DTG-Z relationship of the literature, namely,
the surveys of galaxies of RR14 and De Vis et al. (2017,
hereinafter DV17) 5. In order to test our models correctly
with the galaxies of the nearby universe observed in these
two surveys, we represent only the last time of each model.
These models, which we have selected from our set of mod-
els, have a same density of the clouds, ncloud = 5000 cm
−3
and a same destruction timescale τdest = 1.8 Gyr. We have
chosen among these subset models, those with 3 different
sticking coefficient, i.e., S = 0.5, = 0.7 and = 0.9, combined
with all range of infall inputs, τ and Σtotal.
This comparison is shown in Fig. 7. It can be observed
that our models reproduce values in the range of solar and
super-solar metallicity; admittedly, some parameters repro-
duce better these data than others. Models that use free pa-
rameters more favourable to create dust grains, i.e., S = 0.9,
τdest = 1.8 Gyr and ncloud = 5000 cm
−3, have a critical
metallicity at 12 + log(O/H) ≈ 8.20, similar to the value
12 + log(O/H) ≈ 8.10 obtained by RR14. Below this limit,
our models generally give DTG values below the observed
ones.
We must consider that DV17 and RR14 do not take into
account all components of the galaxies studied; e.g., DV17
does not consider the molecular gas. Conversely, RR14 does
include this component, but they are not able to estimate
the associated uncertainty attached to this important com-
ponent. Such considerations means a degree of precision lost:
if the molecular gas component would be included in the
DV17 data, the DTG values would be lower, which may be
specially important in the low metallicity region. The un-
certainties in the data used to compute DTG may be high,
since e.g. Hi is usually computed until a larger radius than
5 In order to compare with the observational data, we have con-
verted our values of Zgas to 12+log(O/H) using the solar values
of AS09: Z = Zsun × 1012+log(O/H)−8.69.
7.6 7.8 8.0 8.2 8.4 8.6 8.8 9.0
Z
10 5
10 4
10 3
10 2
DT
G
a)
S=0.5
S=0.7
S=0.9
M101
NGC628
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
fm
10 5
10 4
10 3
10 2
DT
G
b)
S=0.5
S=0.7
S=0.9
M101
NGC628
7.6 7.8 8.0 8.2 8.4 8.6 8.8 9.0
Z
10 5
10 4
10 3
10 2
DT
S
c)
S=0.5
S=0.7
S=0.9
M101
NGC628
Figure 8. Comparison of our models with the results of the ob-
servations for M 101 and NGC 628 from (Vilchez et al. 2019):
a) DTG vs Oxygen abundance; b) DTG vs the molecular gas
fraction fm; and c) DTS vs Oxygen abundance.
the stellar profile or the oxygen abundances. Thus, the es-
timates of DTG for each galaxy as a whole are lacking in
precision when compared with the predictions of our mod-
els.
We compare now our results with the full data for two
particular galaxies, M 101 and NGC 628, from Vilchez et
al. (2019, hereinafter V19). We show the DTG-Z, DTS-Z
and DTG-fm relationships in Fig. 8, panels a), b) and c),
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respectively. Since we have not computed different radial
regions within each galaxy, and our models correspond to
global data for whole galaxies, we have computed the mass
of each gas phase and dust for each radial regions and we
have computed the mean mass and standard deviation of
HI, H2, 12+log(O/H) and dust. This implies that there is a
big dispersion of the mean values for the two galaxies. Both
galaxies’ data with their error bars lie over our models, sug-
gesting that they have yet to reach the saturation level, and
therefore more evolution remains possible. M 101 is consis-
tent with a model possessing S = 0.7 while NGC 628 is best
fit with S = 0.5.
Overall, this comparison suggests that our models re-
produce adequately the observations in medium-to-high
metallicity regimes, but the low metallicity regime in the
DTG-Z diagram is not well fit.
4 DISCUSSION AND CONCLUSIONS
Summarising, we have created a self-consistent model of
galactic chemical evolution that includes a multiphase ISM
with three phases: an ionised gas phase, which would cor-
respond to a temperature of 10.000 K, a neutral gas phase,
which would have a temperature of 100 K and a molecular
gas phase, whose temperature would be 10 K. This multi-
phase structure of the ISM, is key to reproduce realistic star
formation prescriptions via molecular clouds, and we have
obtained it without any free parameters.
Furthermore, we have included the life cycle of dust by
taking into account:
• The synthesis of dust grains in the ejecta of AGB stars,
core-collapse supernovae and thermonuclear supernovae.
• The reprocessing of dust in the ISM including the ef-
fect of destruction via SNe, thermal sputtering and radiative
torques and the dust grain growth via accretion in the cold-
est phases of the ISM.
In our formalism, it is only the dust processes, for which
limited knowledge still exists, which need to employ free
parameters. These parameters are related to the accretion
phase within molecular clouds and with the destruction of
dust: the sticking coefficient and the density of clouds for
the accretion process, and the timescale of dust destruction.
With this model, we have computed a set of 1350 real-
isations for a sample of different inputs of infall rate, com-
bined with variations of the three free parameters. Com-
paring our results with RR14 and DV17 data, two main
conclusions come to light. On the one hand, the transition
between the low metallicity and the solar/super-solar metal-
licity regimes seems smoother in the observations than in
our models. The latter underestimate the DTG in the low
metallicity range, 12 + log(O/H) ∈ [7.5, 8.15]. This discrep-
ancy may be due to a more abrupt than expected transition
from ejecta-dominated to accretion-dominated phases. Any
underestimate in the error bars associated with the observa-
tions will also contribute to this discrepancy. We must also
consider the uncertainties remaining in the ejection tables
employed, as the disparity between models and observations
at low metallicity is dominated by said stellar ejecta.
Our conclusions can be summarised thusly:
(i) The relationships of DTG-Z and DTS-Z while showing
basically the same shape, remain dependent upon the (quite
unknown) sticking factor and cloud density,
(ii) The total stellar density has a saturation level when
it reaches values higher than 100 M pc−2, after which the
DTG-Z and DTS-Z remain invariant.
(iii) Following our model, DTG increases very abruptly
when a critical metallicity is reached. This critical Z depends
on the free parameters, mostly the sticking parameter, but
it does not disappear with any value of S
(iv) Our models cannot fit the continuously decreasing
DTG with decreasing Z shown at 12+log(O/H) < 8.15, since
in this regime, our models show instead a steep variation. It
is likely that other pathways to create molecular gas in the
early phases of galaxy’s evolution will be required, given the
difficulty of forming stars when there is a low Z and a low
dust ratio in our model. More work, including a new star for-
mation prescription in the low Z regime appears necessary,
although the relatively large uncertainties associated with
the lower metallicity galaxies’ data may also be a contribute
to the disparity seen.
(v) The models reproduce the observations located in the
medium-to-high metallicity regime with variable sticking pa-
rameter. In particular, data from Vilchez et al. (2019) for
NGC 628 and M 101 are very reproduced for our models.
These last data are provided as a function of galactocentric
radius for these disks and, therefore, our next objective will
be to introduce a spatially-resolved multi-zone approach into
our modeling, each with the corresponding variable free pa-
rameters. This will allow a more self-consistent direct com-
parison with extant observational data.
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APPENDIX A: PARTICLE DENSITY
One of the quantities that is widely used in our model is the
particle density of each individual species. In this appendix,
we will explain how do we compute particle densities based
on the superficial densities of each species. In order to do so,
we are going to suppose that the equation of state of the gas
is:
Pj = nj KB (Tj + Teff) (A1)
where Pj is the partial pressure of the element j, nj is its
particle density, KB is Boltzmann constant, Tj is the tem-
perature of the phase in which is immersed the species and
Teff = 1000K is an effective temperature that tries to re-
produce the effects of turbulence and magnetic fields. As a
consequence, we will estimate the total pressure of all the
ISM using the expression that (Elmegreen 1989; Leroy et al.
2008) have obtained for a disk with axial symmetry:
P ≈ pi
2
Σgas(Σgas +
σgas
σ∗
Σ∗ + Σd) (A2)
where
σgas
σ∗ ≈ 1 is the ratio of velocity dispersion between
the gas and the stars (Leroy et al. 2008). Therefore, the Eq.
(A2) is transformed into :
P =
pi
2
G ΣgasΣtotal (A3)
However, we want the partial pressure of each species
not the total pressure so knowing that Pj = XjP where Xj ≡
Σj
Σgas
the partial pressure of the element j is:
Pj =
pi
2
G ΣjΣtotal (A4)
Then, combining the Eq. (A1) with the Eq. (A4), the particle
density is:
nj =
pi GΣjΣtotal
2 KB (Tj + Teff)
(A5)
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